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Abstract. The importance of the porous interfacial transition zone to the chemical aggression of 
concrete is obvious when one considers the relations existing between porosity, permeability, chemical 
composition and the sulfate attack. In this study, the effect of ITZ quantity through varying aggregate 
content on the deterioration of blended cement concrete under sulfate attack, was determined to 
understand better the relationship between sulfate ions and concrete microstructure. The ITZ quantity 
was directly proportional to the aggregate volume fraction. Therefore, the effect of ITZ on sulfate 
resistance ability of concrete made with pure OPC and blended binders was evaluated by a comparison 
among mortars with systematically varied aggregate volume fraction. The porosity distribution with the 
ITZ was determined by using a quantitative backscattered electron microscopy (BSE) image analysis. It 
was found that the incorporation of moderate amount of Limestone filler is able to compact the 
microstructure of both ITZ and bulk matrix by filling effect and nucleation sites effect. The effects of 
slag on the porosity of ITZ were dependent on the replacement rate. The degree of deterioration had a 
slight tendency to increase for the samples prepared with higher aggregate volume content, which 
means high ITZ volume fraction. For the sulfate to reach the interior of the samples, it must move 
through the bulk cement matrix. The effect of aggregate and ITZ can only be notable when the interior 
structure was exposed to the sulfate ions. The presence of ITZ was normally accompanied by a denser 
bulk cement matrix. This could limit the ingress of sulfate ions and delay the formation of expansive 
products in initial stage. After the sulfate penetrates into the interior of the samples, the inner structure 
was expected to exert more significant influences on the deterioration. 
1. Introduction 
Sulfate attack is one of the major threats to concrete durability. Sulfate ions from surrounding water 
penetrate by diffusion and/or absorption in the concrete porous network and react with existing 
hydration products. The widespread occurrence and destruction caused by sulfate attack attracted 
researchers over the years into the study of the deterioration mechanism and methods to combat it. 
However, different theories about the mechanism still exist and the mechanism is not well understood. 
The mechanism of degradation of concrete exposed to external sulfate attack depends on exposure 
conditions, such as temperature, associated cations and sulfate concentration. Calcium hydroxide and 
alumina-bearing phases of hydrated OPC are more vulnerable to attack by sulfate ions. Due to the 
presence of calcium hydroxide in hydrated OPC paste, when a cement paste comes in contact with 
sulfate ions, the alumina-containing hydrates are converted to ettringite [1-3]. In spite of dissolving 
from ettringite, gypsum formation as a result of cation-exchange reactions is also capable of causing 
expansion. However, it has been observed that deterioration of hardened OPC paste by gypsum 
formation goes through a process that first leads to reduction of pH of the system and loss in the 
stiffness and strength, followed by expansion and cracking, and eventually transformation of the 
concrete into a mushy or non-cohesive mass [4, 5]. 
Physical and chemical factors can influence the external sulphate attack, such as the properties of 
the solution, the mixtures proportions (the type of cement, the w/c ratio) or the curing conditions [6-8]. 
Based on these assumptions, test parameters have been altered more frequently including cement 
composition, pozzolanic replacement and composition, solution concentration, pH value, temperature 
and w/c ratio in the mixture. However, little attention has been paid to the effect of aggregates, which 
are the main parts of normal concrete. The introducing of aggregate would create a “weak” region, the 
interfacial transition zone (ITZ). When one considers the deterioration of concrete exposed to sulfate, 
the properties of ITZ, should also be taken into account due to its distinguished microstructure, such as 
high porosity, less anhydrous and richness in the CH crystals. 
In this work, the effects of aggregate on the deterioration of mortar exposed to sodium (or 
magnesium) sulfate solution were investigated from the ITZ point of view. One influence is the content 
of ITZ, which is studied by a comparison of resistance to sulfate attack among mortars prepared with 
different aggregate content. This study includes macroscopic and microscopic measurements. Mass and 
length measurements were recorded at designed testing age. Microstructural features were determined 
by using an environmental scanning electron microscope and energy dispersive spectrum. 
2. Experiments 
2.1 Mixtures 
The cement used in this study was CEM I 52.5 N (C), and the blended materials involved slag (S) 
and limestone powder (L). The chemical composition of these materials are given in Table 1. Three 
types of binders, i.e. C, L10, S70 were used to evaluate the influence of blended materials on the 
sulfate resistance. For each series, 4 groups of samples were prepared with different aggregate volume 
content from 0 to 55%. The detailed mixtures can be found in Table 2. 
 
Table 1  Chemical compositions and physical characteristics of the employed materials 
Composition Cement Slag Limestone Weight (% by mass) 
CaO 63.12 40.10 - 
SiO2 18.73 35.40 0.80 
Al2O3 4.94 11.25 0.17 
MgO 1.02 7.82 0.50 
Fe2O3 3.99 0.89 - 
SO3 3.07 0.61 - 
Na2O 0.73 0.33 - 
K2O 0.47 0.62 - 
CaCO3 - - 98.00 
Loss on ignition (LOI, %) 2.12 0.31 43.90 
Blaine fineness (m2/kg) 353 410 753 
 
 
 
Table 2  Mixture proportion of concrete 
Samples Blended materials Aggregate volume fraction for each blended series Cement Limestone powder Slag 
C 100 0 0 0% 
L 90 10 0 20% 35% 
S 30 0 70 55% 
2.2 Sample preparation and sulfate attack 
A modified ASTM C 1012 [9] method was used to assess the potential of sulfate attack for mixes at 
normal temperature. Each mixture consisted of 9 cubes of 50×50×50 mm3 and 9 bars of 25×25×280 
mm3. The bars had gauge studs at both ends in order to measure expansion. The specimens were 
demolded after 24h and immediately transferred to saturated limewater at 20±2°C until 56 days. 
After 2 months of curing, the initial length and weight of the specimens were recorded. Then, the 
specimens were immersed in (a) 50.0 g/L Na2SO4 and (b) 42.4 g/L MgSO4 seperately. The ratio of 
solution volume to sample surface area was kept constant at 2.4 cm3/cm2. The solution was renewed 
after every time of measurement. 
2.3 Microstructure determination 
For BSE image acquisition further sample preparation is necessary. The sound specimens selected at 
56 days were vacuum impregnated with low viscosity epoxy resin. After epoxy drying, the samples 
were ground with SiC paper of 320, 500, 800, 1200 and 2400 grit for about 4 min each. Subsequently, 
the samples were polished with diamond paste of 3, 1 and 0.25 µm for around 2 min each and cleaned 
up with low-relief polishing cloth. 
The quantitative BSE image analysis was performed on samples with 55% of aggregate volume 
content. The images with magnification of 500× were acquired around random grains by using the BSE 
detector in the environmental scanning electron microscope with an acceleration voltage of 20 kV. The 
images (500×) were digitized at 1424×968 pixels and each pixel is approximately 0.18 µm. Around 40 
images were collected for each sample. The detailed image analysis procedure can be found elsewhere 
[10]. 
The microstructure of the attacked mortars was examined by scanning electron microscopy 
(SEMFEI QUANTA200FEG) using backscattered electron images and energy dispersive X-ray 
spectroscopy (EDX). The specimens used for the SEM investigation were around 1.5 cm thick slices 
from the 25×25×280 mm3 bars. Sample preparation involved freeze-drying, vacuum impregnation with 
epoxy resin, cutting, polishing and coating with carbon. The accelerating voltage was 15 kV and the 
elemental mappings were obtained under a magnification of 500×. 
3. Results and discussion 
3.1 Porosity distribution 
BSE image analysis on capillary porosity of L and S are shown against the distance from aggregate 
surface and given in Figure 1. It can be seen that porosity profiles exhibit a gradual distribution and 
increase with approaching aggregate surface. The porosity at each strip increases significantly as the 
amount of limestone powder increases to 10%. Several effects need to be considered with the addition 
of L powder: (i) filler effect which causes a better packing of cement granular skeleton and a larger 
dispersion of cement grains; (ii) nucleation effect which contributes to the formation of smaller CH 
crystals with less crystallization tendency in preferential orientations; (iii) dilution effect which reduces 
the quantity of cement and increases the effective water to cement (w/c) ratio at a given w/b ratio; (iv) 
chemical reactions between L powder and the alumina phases of cement, which is not noticeable in the 
BSE image analysis. With increasing the limestone powder to 10%, the dilution effect becomes 
prominent and leads to a more porous structure not only in the ITZ but also in the bulk cement matrix. 
The porosity distribution in Figure 1 (b) indicates that the addition of 70% of slag increases the 
porosity slightly. The main contribution of slag to the development of hardened cement paste is through 
the hydration. In addition, the pozzolanic particles produce a fast saturation balance of CH with small 
crystal size, which results in formation of a dense cementitious matrix. On the other hand, the hydration 
of slag is limited by the amount of CH produced by cement hydration. With substituting 70% of slag, 
the amount of CH which is available for the pozzolanic reaction will reduce. Therefore, the relative low 
reaction degree resulted in a more porous zone as observed in the BSE images analysis. 
 
Figure 1: Effect of blended materials on the porosity profiles (a) limestone powder and (b) slag 
3.2 Linear expansion 
The linear expansions of the C series immersed in two types of solution are given in Figure 2. In 
sodium sulfate, the expansion of pure cement paste (C-P) seemed to be more apparent until 150 days. 
Thereafter, C-55 starts to expand dramatically and exhibits the highest expansion. The others also start 
to expand after more than 240 days, but much less rapid than the C-55. Regarding the magnesium 
sulfate solution, the expansion in 90 days is lower for all samples compared with the sodium sulfate 
attack. In Figure 2 (b), C-55 starts to expand rapidly after 210 days and exhibits the highest expansion 
at one year. 
 
Figure 2: Expansion of C group immersed in (a) Na2SO4 and (b) MgSO4 solution. 
The linear expansions of L series are given in Figure 3. There is an apparent trend toward increasing 
expansion for the samples with higher aggregate volume fraction. L-55 starts to expand dramatically 
after 180 days of immersion and exhibit the highest expansion. Regarding the effect of limestone 
powder, the addition of L results in a higher expansion value. However, this increase is less apparent in 
the samples prepared with 55% of aggregate. In magnesium sulfate solution, an increase in the 
expansion value is observed for limestone blended samples. Moreover, there is no clear evidence that 
the negative effect of L in the magnesium sulfate attack is more pronounced than that in the sodium 
sulfate attack. 
 
Figure 3: Expansion of L group immersed in (a) Na2SO4 and (b) MgSO4 solution. 
Figure 4 shows the expansion data with exposure time of slag blended samples. In general, there is 
no appreciable effect of aggregate on the expansion behavior. All specimens remain stable with a small 
expansion value of about 0.5 mm/m in 12 months. In magnesium sulfate solution, all specimens exhibit 
similar expansion curves as in the sodium sulfate solution which is characterized by a steady state 
expansion. In Figure 4 (b), S-P displays the highest expansion in 12 months which could be due to the 
formation of relatively high content of expansive products. 
 
Figure 4: Expansion of S group immersed in (a) Na2SO4 and (b) MgSO4 solution. 
3.3 Mass evolution 
The unit of mass evolution by the percentage of sample is transferred to the percentage of the mass 
of paste by subtracting aggregate. The normalized results are shown in Figure 5-7. As shown in Figure 
5 (a), there is an apparent trend toward increasing mass gain with higher aggregate volume fraction. A 
rapid increase in the mass gain is observed after 60 days of immersion for all samples. In magnesium 
sulfate solution, the same trend as in sodium sulfate solution is observed with respect to the effect of 
aggregate on the mass evolution. The most apparent difference is the mass variation between 90 days 
and 120 days. There are decreases in mass gain for all samples due to the deterioration. 
 Figure 5: Mass evolution of C group immersed in (a) Na2SO4 and (b) MgSO4 solution. 
The mass evolution of L group in relation to aggregate content is given in Figure 6. As shown in 
Figure 6 (a), a rapid increase in the mass gain is observed after 90 days of immersion. The mass 
increase after 1 year is higher for the samples containing limestone than those of pure cement. In 
magnesium sulfate solution, as shown in Figure 6 (b), the mass gain after 1 year of immersion is all the 
more apparent for the sample prepared with more aggregate. 
 
Figure 6: Mass evolution of L group immersed in (a) Na2SO4 and (b) MgSO4 solution. 
The mass evolution of S group exposed to sulfate solution in relation to aggregate content is given in 
Figure 6. In sodium sulfate solution, as shown in Figure 6 (a), there is no appreciable effect of the 
aggregate on the mass change. The S-P displays a clear mass loss at 12 months. The mass change of 
slag added samples exposed to sodium sulfate solution is much less than that of plain cement samples. 
This further confirms the positive effect of slag on the sodium sulfate resistance. However, in 
magnesium sulfate solution, there is an obvious trend toward increasing mass gain for the samples with 
more aggregate. For S-P, it can be easily seen that there is a mass loss from 120 days to 210 days in 
Figure 6 (b), with corresponding softening and degradation at the corner and edge. This negative effect 
starts to be notable when the interior structure of samples is exposed to the sulfate and magnesium ions. 
  
Figure 7: Mass evolution of S group immersed in (a) Na2SO4 and (b) MgSO4 solution. 
3.4 Microstructure analysis 
Figure 8 shows BSE images of L-55 immersed in the 50g/L Na2SO4 for 12 months. In sulfate attack, 
the deterioration starts when the strength of sample is unable to withstand the forces from the 
expanding [11]. The ITZ is less effective to transfer the stress from the bulk cement matrix to the 
aggregate grains. The region within the interior of L-55 also presents a loose microstructure and a few 
cracks propagated from the aggregate. This also illustrates quite well the expansion and mass evolution 
testing results. 
The formation of gypsum in the ITZ has been actually observed at high magnification and 
confirmed by EDX analysis. Figure 8 shows an EDX analysis on an attacked L-55 (immersed in 50 g/L 
Na2SO4). Relatively high sulfur concentrations can be observed around aggregates. The mineralogical 
composition is confirmed by EDX point analysis. The atomic proportions and weight concentration 
given by quantitative analysis are closed to the composition of gypsum. However, no clear signs of AFt 
are observed [12-14]. 
   
 
Figure 8: BSE-EDS analysis of L-55 exposed to Na2SO4 for 12 months. 
The BSE images of C-55 immersed in magnesium sulfate solution for 12 months are given in Figure 
9. The brucite-gypsum double layer at the surface as indicated in ref. [15] is not observed due to the 
spalling. From the EDX analysis, the formation of gypsum is observed in the region close to aggregate 
surface and in the paste. In magnesium sulfate attack, gypsum can form not only from the reaction 
between calcium hydroxide and magnesium sulfate, but also from the decomposition of C-S-H. 
   
Figure 9: BSE-EDS analysis of C-55 exposed to MgSO4 for 12 months. 
The formation of gypsum in the ITZ could be associated with expansion, cracking and spalling. This 
would facilitate the ingress of sulfate [3]. Yang et al. [16] believed that sulfate reacts with CH and 
AFm, leading to expansion and cracking in the ITZ. Bonen [17] have studied the replacement of CH by 
gypsum in the ITZ and they found thick deposits of gypsum. However, In this study, the gypsum was 
mainly localized in the ITZ and there was no products fill in the crack nearby. 
4. Conclusions 
− In case of sodium sulfate attack, the degree of deterioration had a tendency to increase for the 
samples with more aggregate in portland cement and limestone powder blended samples. In 
magnesium sulfate, there was an apparent trend toward increasing the mass gain for the samples 
with higher aggregate content. 
− Compared with the control samples, the samples of limestone powder blended specimen showed 
more severe deterioration in both sodium sulfate and magnesium sulfate. The slag blended 
samples were very effective in resisting sodium sulfate attack. However, the degradation of slag 
blended samples under magnesium sulfate attack was much more severe. 
− Gypsum was mainly observed in the region close to the aggregate surface for sodium sulfate 
attack, and both in the ITZ and the bulk matrix for the magnesium sulfate attack. 
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